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ABSTRACT 

The Convent lonal  S t ra ln range  P a r t l t i o n l n g  (CSRP) method f o r  Hlgh- 
Temperature, Low-Cycle Fa t igue  (HTLCF) l i f e  p r e d l c t l o n  has I t s  o r l g l n s  l n  
t h e  mode l lng  o f  f l r s t - o r d e r ,  c reep - fa t i gue  waveform e f f e c t s  w h l l e  t r e a t l n g  
as second-order e f f e c t s ,  t h e  I n f l u e n c e  o f  r n e t a l l u r g l c a l  o r  envlronrnental  
t lme  dependencles. Procedures are proposed t o  i n c l u d e  these t l m e  dependen- 
c l e s  e x p l l c l t l y  i n  t h e  l n e l a s t l c  s t r a l n r a n g e - - l i f e  r e l a t l o n s .  Fo r  b r e v l t y ,  
o n l y  t h e  CP l i f e  r e l a t t o n  w i l l  be presented l n  d e t a l l .  The exposure-t lme 
e f f e c t  w l t h l n  t h e  CP l n e l a s t l c  s t ra ln range  ( t e n s l l e  creep reversed by com- 
p r e s s l v e  p l a s t l c l t y )  was determlned by t e n s l l e  s t r e s s  hold- t l rne exper lments 
f o r  316 SS a t  616 "C.  Reduct lons I n  CP c y c l l c  l l f e  o f  a f a c t o r  o f  about 
two were observed w i t h  an Increase I n  exposure t lme  o r  a corresponding 
decrease I n  creep r a t e  by a f a c t o r  o f  about 100. The CP l l f e  r e l a t l o n  has 
been m o d l f l e d  t o  be expressed I n  te rms  o f  e l t h e r  Steady S t a t e  Creep Rate 
(SSCR) o r  Exposure Time (ET).  The a p p l l c a b l l l t y  and accuracy o f  t h e  t lme-  
dependent CP l l f e  r e l a t l o n s  I s  demonstrated by conduc t lng  v e r l f l c a t l o n  
exper iments I n v o l v i n g  complex hys te res l s  loops.  M e t a l l o g r a p h i c  examlnat lon 
revealed the -dependen t  degradat lon a t t r l b u t a b l e  t o  ox lde  f o r m a t l o n  and 
p r e c l p l t a t l o n  o f  ca rb ldes  a long g r a l n  boundar les.  

KEYWORDS 

Creep- fat igue;  L l f e  p r e d l c t l o n ;  St ra lnrange p a r t l t l o n l n g ;  Steady s t a t e  creep 
r a t e ;  Exposure t lme;  D u c t l l l t y ;  S ta ln less  s t e e l .  

INTRODUCTION 

The Convent lonal  S t ra ln range  P a r t l t l o n l n g  (CSRP) method f o r  Hlgh- 
Temperature. Low-Cycle Fa t lgue  (HTLCF) recognlzes waveform o f  l o a d i n g  as 

'Present ly  a t  Sverdrup Technology, I nc . ,  Lewis Research Center,  Cleveland, 
Ohio 44135 U.S.A. 
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t h e  pr imary  v a r i a b l e  govern ing  c y c l i c  l l f e ,  and d i s t i n g u i s h e s  among wave- 
forms o f  l oad ing  t h a t  g i v e  r l s e  t o  gener i c  l n e l a s t i c  s t ra in ranges  o f  
AcCp, AcPc, and AcCc (Manson. Ha l fo rd ,  and H l rschberg ,  1971). A separa te  

l l f e  r e l a t i o n  i s  generated f o r  each t ype  o f  s t r a i n r a n g e .  I f  more than one 
gener i c  s t ra in range  component i s  p resen t  i n  a h y s t e r e s i s  loop, t h e  c y c l l c  
l l f e  can be c a l c u l a t e d  us ing  an I n t e r a c t i o n  Damage Rule (Manson, 1973). 
However, under prolonged exposure a t  e leva ted  temperature,  env i ronmenta l  
e f f e c t s  and m e t a l l u r g i c a l  i n s t a b i l i t i e s  may a l t e r  t h e  mechanical  p r o p e r t i e s  
and hence reduce c rack  i n i t i a t i o n  res i s tance .  Mode l ing  t lme  dependencies 
l s  e s s e n t i a l  f o r  r e l i a b l e  l l f e  p r e d i c t i o n s ,  p a r t i c u l a r l y  f o r  l ong - t ime  
exposure encountered by equipment such as used f o r  e l e c t r l c  power 
genera t ion .  

The na tu re  o f  creep damage depends upon t h e  magnltude o f  t h e  creep parame- 
t e r s .  P r i e s t  and E l l i s o n  (1980) u t i l i z e d  c reep r a t e  t o  i d e n t i f y  t h e  domains 
o f  dominant mechanisms I n  t h e  c reep process. S lnce  creep r a t e  I s  i n v e r s e l y  
r e l a t e d  t o  t h e  t ime o f  exposure, i t  can be u t i l i z e d  i n  de te rm in ing  t h e  
e f f e c t  o f  exposure t ime  on t h e  c reep- fa t i gue  l i f e .  Manson and Zab (1977) 
suggested a m o d i f i c a t i o n  o f  t h e  CSRP l i f e  r e l a t i o n s  wh ich  i n v o l v e d  a d d i t i o n  
o f  a time-dependent term. However, no exper iments were conducted t o  es tab-  
l l s h  t h e  na tu re  o f  t h e  time-dependent term. I n  t h e  absence o f  exper imenta l  
c y c l i c  r e s u l t s ,  t ime-dependent changes i n  d u c t i l i t y  observed i n  c reep t e s t s  
can be incorpora ted  i n t o  t h e  D u c t i l i t y  Normal ized S t ra in range  P a r t i t i o n i n g  
(DNSRP) l i f e  r e l a t l o n s  ( H a l f o r d ,  H i rschberg .  and Saltsman, 1977; Manson, 
1973) t o  p r e d l c t  t ime-dependent c reep- fa t i gue  l i v e s .  These l i f e  r e l a t i o n s  
u t i l i z e  the p l a s t i c  and creep d u c t i l i t i e s ,  Dp and Dc.  They account f o r  
exposure t ime by u s i n g  t h e  c reep d u c t i l i t y  cor respond ing  t o  t h e  exposure 
t l m e  o f  the c reep- fa t i gue  t e s t .  I t  I s  proposed h e r e i n  t h a t  e i t h e r  Steady 
S t a t e  Creep Rate (SSCR) o r  Exposure Time (ET) be used t o  modify t h e  Conven- 
t i o n a l  C P  l i f e  r e l a t i o n  i n  an e f f o r t  t o  i n c o r p o r a t e  t i m e  e f f e c t s  d i r e c t l y  
w l t h l n  the  S t ra ln range  P a r t i t i o n i n g  framework. 

bepp. 

EXPERIMENTAL RESULTS 

S o l i d ,  hourglass specimens o f  316 SS were t e s t e d  i n  a i r  a t  816 O C  under com- 
p u t e r  c o n t r o l  i n  a se rvo -hyd rau l i c  t e s t i n g  machine. S t r a l n - c o n t r o l l e d  t e s t -  
i n g  a t  0.2 Hz (sinewave) r e s u l t e d  i n  t h e  f o l l o w i n g  equa t ion  f o r  PP c y c l l n g :  

-1.60 
Npp = 0.521(Ac ) 

PP 

A convent iona l  i d e a l i z e d  C P  h y s t e r e s i s  l oop  i s  p resented  i n  F i g .  l ( a ) .  
whereas the h y s t e r e s i s  l oop  u t i l i z e d  i n  t h e  c u r r e n t  s tudy  i s  shown I n  
F i g .  l ( b ) .  The r a t i o  o f  t h e  creep s t r a i n  (CD) t o  t h e  i n e l a s t i c  s t r a i n r a n g e  
( B F )  was maintained a t  0.6 i n  these exper iments.  D i f f e r e n t  exposure t imes 
were obtained by changing t h e  magnltude o f  t h e  t e n s i l e  creep s t r e s s .  
exper imental  d e t a i l s  a re  p resented  elsewhere ( K a l l u r i  and Manson, 1984). 
The hys te res i s  loops were p a r t i t i o n e d  i n t o  t h e  gener i c  PP and C P  s t r a i n -  
ranges cons ider ing  o n l y  t h e  steady s t a t e  p o r t i o n  o f  t h e  c reep s t r a i n  as 
c reep ( K a l l u r i ,  1987; Manson, Ha l fo rd ,  and N a c h t i g a l l ,  1975).  The I n t e r a c -  
t i o n  Damage Ru le  was used t o  c a l c u l a t e  t h e  CP gener i c  c y c l i c  l i f e .  The 
r e s u l t s  of t h e  convent iona l  i n t e r p r e t a t i o n  (no  t l m e  dependencies cons idered)  
of t h e  C P  exper iments a r e  p resented  i n  F i g .  2. The equa t ion  shown i s  t h e  
l e a s t  square f i t  o f  t h e  e i g h t  da ta  p o i n t s ,  and hence averages t h e  r e s u l t s .  
I t  I s  c lea r  t h a t  a t  a g i ven  s t r a i n r a n g e  t h e  c y c l i c  l i f e  decreases w i t h  
i n c r e a s i n g  exposure t ime.  

The 
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(A) CONVENTIONAL. 

STRESS. 0 

(B) GENERALIZED. 
FIGURE 1. - CP HYSTERESIS LOOPS. 
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FIGURE 2. - CONVENTIONAL CP L I F E  RELATION, 316 SS AT 
816 OC. 

The d a t a  presented I n  F lg .  2 were a l s o  used t o  e s t a b l i s h  t h e  Steady S t a t e  
Creep Rate (SSCR) and Exposure Time (ET) H o d l f l e d  l l f e  r e l a t l o n s  by 
cons lde ra t l on  o f  t h e  t l m e  dependencies. 
m u l t l p l e  l l n e a r  reg ress ton  a r e  as f o l l o w s :  

The l i f e  r e l a t i o n s  e s t a b l l s h e d  by 

)-1 .46 0.256 
(iss .TI SSCR: Ncp = 0.646(Accp 

) -1  .63 -0.332 
ET: Ncp = 0.113(Ac C P  ( t e )  

where 

b C  cp  

!:!,T t e n s i l e  steady s t a t e  creep ra te ,  mln-1 
t e  t o t a l  exposure t l m e  o f  t h e  c r e e p - f a t i g u e  t e s t ,  h r  

t h e  gener i c  CP s t ra in range  
t h e  gener i c  C P  c y c l i c  l l f e  

The SSCR H o d l f l e d  (N ip )  and ET Mod i f l ed  (Mi!,) gener i c  c y c l i c  l i v e s  (as  
d e f l n e d  I n  F lg .  3) a r e  p l o t t e d  aga ins t  
respec t l ve l y .  These f i g u r e s  c l e a r l y  i n d i c a t e  t h a t  t h e  SSCR and ET H o d l f i e d  
C P  l i f e  r e l a t i o n s  t a k e  I n t o  account t h e  exposure t l m e  e f f e c t  w i t h i n  t h e  CP 
waveform o f  l oad lng .  

For comparlson w l t h  l l f e  p r e d l c t l o n s  by t h e  D u c t l l t t y  Normal ized SRP method, 
c reep- rup ture  exper iments a t  816 " C  determlned t h e  degrada t ion  o f  creep 
d u c t l l l t y ,  0, (based on r e d u c t i o n  o f  area a t  r u p t u r e ) ,  t o  va ry  w i t h  rup- 
t u r e  t lme,  tr, accord lng  t o  

AcCp I n  F lgs .  3(a) and (b ) ,  

-0.140 
0, = 2 .40( t r )  

I n  accordance w l t h  t h e  recommended D u c t i l i t y  Normal lzed SRP Procedure, 
tr = te, and t h e  time-dependent O u c t l l i t y  Normal ized SRP l i f e  r e l a t i o n  
f o r  C P  s t ra ln range  i s  g i v e n  as, 

= 0.051 2( Accp)- '  .67 ( t e )  -0.1 40 
NCP 

( 4 )  
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(A) SSCR. 

101 102 103 104 

Nib 
(B) ET. 

FIGURE 3. - FODIFIED CP LIFE RELATIONS. 316 SS AT 816 OC. 

The above CP llfe relatlons will now be applied to Independent verlflcatlon 
experlments. Three types of experlments lnvolvlng PP and CP stralnranges 
were conducted at 816 OC. These are classlfled as CP wlth ( 1 )  small amounts 
of tenslle creep straln, (2) creep at two stress levels and (3) ramplng 
creep stress. Llfe predlctlons were made uslng the Conventlonal CP llfe 
relatlon, the CP llfe relatlon as glven by Eq. (5),and the two newly estab- 
llshed CP llfe relatlons ( E q s .  (2) and (3)). In all cases, the PP llfe 
relatlon and the Interaction Damage Rule were used ln conjunctlon wlth the 
CP llfe relatlon to calculate the cycllc lives. These results are pre- 
sented In Flgs. 4 t o  6 along wlth a schematlc of the hysteresls loop of 
each verlflcatlon test. Results of all three types of verlflcatlon experl- 
ments lndlcate predlctlons by Conventlonal SRP to be conservatlve at short 
exposure times and unconservatlve at long exposure tlmes. Thus, calcula- 
tlons based on the CSRP llfe relatlons would dangerously overpredlct creep- 
fatlgue lives for very long exposure tlmes. Both the Steady State Creep 
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FIGURE 4. - L I F E  PREDICTIONS OF CP EXPERIENTS WITH 
S M L L  AMOUNTS OF TENSILE CREEP STRAIN. 316 SS AT 
816 OC. INELASTIC STRAINRANGE = 0.01. 

Rate and Exposure Time Mod i f i ed  C P  l i f e  r e l a t i o n s  c l o s e l y  p r e d l c t e d  t h e  
c y c l i c  v e r l f l c a t i o n  l i v e s .  
r e f l e c t  some t ime dependency and l i e  between t h e  Convent iona l  SRP. SSCR, 
and ET Mod l f i ed  l l f e  p r e d l c t l o n s .  

The D u c t l l l t y  Normal ized SRP p r e d i c t l o n s  

DISCUSSION 

I n  t h e  past, a t tempts  were made t o  i n c l u d e  t h e  e f f e c t  o f  exposure t i m e  on 
t h e  H igh  Temperature Low Cycle Fa t igue  (HTLCF) l l f e  by l n c o r p o r a t l n g  t h e  
f requency  of t h e  c y c l e  i n  t h e  l i f e  r e l a t l o n s .  For example, C o f f l n  (1970) 
developed the  Frequency M o d i f i e d  L l f e  r e l a t i o n  (FHL) t o  p r e d i c t  f a t i g u e  
l l f e  a t  e leva ted  temperatures.  FHL does n o t  cons lder  t h e  e f f e c t  o f  wave- 
fo rm of load ing  per  se on t h e  HTLCF l l f e .  and models a m i x t u r e  o f  PP and CC 
waveforms together  w i t h  t h e  exposure-t ime e f f e c t  o f  t h e  CC waveform. 
K a l l u r i  and Hanson (1984) u t i l i z e d  t h e  FHL f o r  p r e d l c t l n g  t h e  c y c l l c  l lVeS  
o f  t h e  CP l i f e  r e l a t i o n  exper lments.  For 316 SS a t  816 "C. l i f e  p r e d i c -  
t l o n s  were unconserva t lve  by more than a f a c t o r  of 3. The l a c k  o f  

6 
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CSRP DNSRP SSCR ET ACTUAL 

FIGURE 5 .  - L I F E  PREDICTIONS OF A CP EXPERIENT 
WITH CREEP AT Two STRESS LEVELS. 316 SS AT 
816 OC. INELASTIC STRAINRANGE = 0 . 0 3 .  

agreement appears t o  be due prlmarlly to the waveform dlfference between CP 
and CC stralnranges rather than due to exposure tlme. Frequency Modlfled 
Llfe predlctlons presuppose a CC waveform. 

The Frequency Modlfled Llfe relatlon and other methods fall short of accu- 
rately predlcting the creep-fatlgue life, because they do not conslder the 
lndlvldual effects of the waveform and exposure tlme. The Ductlllty Nor- 
malized SRP method has a provlslon to treat the exposure time effect, and 
hence, predictions are better than the ones by Conventional SRP. The 
Steady State Creep Rate (SSCR) and Exposure Tlme (ET) Modlfled CP life 
relatlons characterlze the influence of exposure t h e  wlthln the CP strain- 
range ln a dlstlnct manner. Therefore. the predlctlons by these life rela- 
tlons are superlor to the predlctlons of the other life relatlons consldered 
In thls study. The SSCR- and ET-Modifled CP life relatlons also accurately 
predicted the llves of the complex hysteresis loops used ln the verlfl- 
catlon experlments. Slnce veriflcatlon experiments Involved complexitles 
not found In the basellne study, we have also demonstrated the versatlllty 
of the newly proposed life relatlons. For example, results of llnear-time 
ramping of creep stress are shown to be accurately predlctable. Nonllnear 
tlme varlatlons of creep stress, such as stress relaxatlon during a tensile 
strain hold, etc.. while not demonstrated, can be handled by the newly 
proposed equatlons. 
waveform assoclated with the CP strainrange has been establlshed. Exposure 

In thls study, the exposure tlme effect wlthln the 
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FIGURE 6 .  - L I F E  PREDICTIONS OF CP EXPERIMENTS WITH 
R W I N G  CREEP STRESS, 316 SS AT 8 1 6  OC. INELASTIC 
STRAINRANGE = 0.02. 

t l m e  in f l uences  on t h e  PC and CC s t r a l n r a n g e  l l f e  r e l a t i o n s  w i l l  be 
pub l i shed  a t  a l a t e r  da te .  

The n a t u r e  o f  t h e  damage assoc la ted  w l t h  a l o n g  exposure t l m e  CP t e s t  I s  
s l g n l f l c a n t l y  d l f f e r e n t  f rom t h a t  assoc la ted  w l t h  s h o r t  exposure t l m e  t e s t .  
Me ta l l og raph ic  l n v e s t l g a t t o n s  were conducted on t h e  f r a c t u r e d  specimens t o  
s tudy  mlc romechan ls t l c  f ea tu res .  Me ta l l og raph lc  sec t i ons  o f  t h e  sho r t -  and 
long-exposure CP t e s t s  a r e  p resented  I n  F i g .  7.  The s h o r t  exposure t l m e  
t e s t  i s  f r e e  o f  p r e c l p l t a t e s .  S u b s t a n t l a l  amounts o f  chromium ca rb lde  pre-  
c l p l t a t l o n ,  i n t e r g r a n u l a r  c rack lng ,  m l c r o v o l d  f o r m a t l o n  and o x l d a t l o n  a r e  
c l e a r l y  ev ldent  I n  t h e  long-exposure t l m e  CP t e s t .  
l n s t a b l l l t l e s  I n  a u s t e n l t l c  316 SS a t  h l g h  temperatures were repo r ted  by 
Welss and S t l c k l e r  ( 1 9 7 2 ) .  
hours a t  816 O C  ca rb lde  p r e c l p l t a t l o n  (M23c6 t ype )  I s  t h e  major  meta l -  
l u r g l c a l  l n s t a b l l l t y .  I n  t h e  absence of  any mechanlcal  l oad lng .  g r a l n  
boundary coarsenlng occurs due t o  t h e  p r e c l p l t a t l o n  o f  t h e  carb tdes  a long  
t h e  g r a l n  boundarles as t h e  exposure t l m e  t s  l nc reased.  Th ls  s e n s l t l z e s  

The m e t a l l u r g l c a l  

For exposure t imes  of  t h e  o rde r  o f  a few hundred 

a 



( E i  i, - 95.6 nK 

FIGURE 7. - RETALLOGRAPHS OF CP L I F E  RELATION EXPERIMENTS, 316 ss AT 816 OC, A&, = 0.02. in 
ETCHED I N  MARBLE'S REAGENT. 

t h e  s t e e l  and increases  I t s  s u s c e p t l b l l i t y  t o  i n t e r g r a n u l a r  f r a c t u r e .  The 
carb ides  tend t o  p reven t  g r a i n  boundary s l i d i n g  d u r i n g  creep. Deformat lon 
I n  creep I s  achieved by f r a c t u r l n g  the  g r a i n  boundary carb ldes .  Th ls  phe- 
nomenon i s  more l i k e l y  t o  occur  I n  a long exposure t i m e  t e s t ,  s l n c e  s u f f l -  
c l e n t  t ime  i s  a v a i l a b l e  f o r  c a r b i d e  format lon.  For 316 S S .  t h e  above 
mechanism appears t o  be t h e  major cause f o r  t h e  r e d u c t i o n  I n  t h e  long- t lme 
C P  c y c l i c  l l f e .  K a l l u r l  (1987) discussed I n  d e t a l l  o t h e r  p o s s l b l e  mecha- 
n i s m s .  I t  should be no ted  t h a t  o t h e r  m a t e r l a l s  may n o t  d i s p l a y  m e t a l l u r g l -  
c a l  l n s t a b i l l t l e s  o r  t h e i r  l n s t a b i l i t l e s  may be due t o  o t h e r  mechanisms. 
Thus, a d d i t i o n a l  a n a l y t i c a l  rep resen ta t i ons  o f  t l m e  e f f e c t s  may be neces- 
sary.  Also,  because o f  t h e  t i m e  l l m l t a t l o n s  i n  t h i s  program, t h e  t e s t s  
conducted were l i m i t e d  t o  exposure tlmes o f  300 h r .  It I s  necessary t o  
extend t h e  t e s t s  t o  l onger  t imes f o r  some long - t lme  a p p l l c a t l o n s  t o  de te r -  
mine I f  t h e  power law v a r i a t i o n  Is adequate f o r  r e p r e s e n t a t i o n  o f  m a t e r l a l  
deg rada t lon  f o r  such cases. 

CONCLUSIONS 

The exposure-t ime e f f e c t  w l t h  the  C P  s t ra ln range  o f  t h e  Convent iona l  SRP 
method was e s t a b l l s h e d  by a s e r l e s  o f  c reep - fa t l gue  exper lments on 316 SS 
a t  816 "C. Two new tlme-dependent l l f e  r e l a t i o n s ,  t h e  SSCR- and ET- 
H o d l f l e d  CP l l f e  r e l a t i o n s  a r e  developed. The accuracy and t h e  v e r s a t i l i t y  
o f  t h e  l l f e  r e l a t i o n s  a r e  es tab l l shed  f rom t h e  r e s u l t s  o f  t h e  v e r l f l c a t l o n  
exper iments conducted w l t h  complex hys te res i s  loops .  The r e d u c t i o n  i n  t h e  
c y c l l c  l i f e  o f  t h e  C P  exper lments a t  long exposure t lmes  I s  a t t r l b u t e d  t o  
t h e  I n t e r a c t i o n  o f  c y c l l c  s t r a i n  and the p r e c i p l t a t i o n  o f  chromium ca rb ide ,  
o x l d a t l o n  and I n t e r n a l  damage due t o  mic rovo id  fo rma t ion .  
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